The AbsA two-component signal transduction system, comprised of the sensor kinase AbsA1 and the response regulator AbsA2, acts as a negative regulator of antibiotic production in Streptomyces coelicolor, for which the phosphorylated form of AbsA2 (AbsA2ϳP) is the agent of repression. In this study, we used chromatin immunoprecipitation to show that AbsA2 binds the promoter regions of actII-ORF4, cdaR, and redZ, which encode pathway-specific activators for actinorhodin, calcium-dependent antibiotic, and undecylprodigiosin, respectively. We confirm that these interactions also occur in vitro and that the binding of AbsA2 to each gene is enhanced by phosphorylation. Induced expression of actII-ORF4 and redZ in the hyperrepressive absA1 mutant (C542) brought about pathway-specific restoration of actinorhodin and undecylprodigiosin production, respectively. Our results suggest that AbsA2ϳP interacts with as many as four sites in the region that includes the actII-ORF4 promoter. These data suggest that AbsA2ϳP inhibits antibiotic production by directly interfering with the expression of pathway-specific regulators of antibiotic biosynthetic gene clusters.
Streptomycetes are gram-positive, soil-dwelling bacteria that possess an abundant secondary metabolism and are the sources of numerous antibiotics, chemotherapeutic agents, immunosuppressants, and other agents in clinical use (10) . The members of the Streptomyces genus have been predicted to produce Ͼ100,000 distinct secondary metabolites, of which only a fraction have been identified so far (49) . One model organism for this genus, Streptomyces coelicolor, produces three chromosomally encoded, well-characterized antibacterial compounds: actinorhodin, undecylprodigiosin, and calciumdependent antibiotic (CDA). Actinorhodin and undecylprodigiosin exhibit blue and red pigmentations, respectively, providing experimentally useful visual cues for antibiotic production.
Antibiotic biosynthesis is mediated by large contiguous gene clusters ranging in size from a few kilobases to over 100 kilobases (7) . Located within these clusters are genes encoding biosynthetic enzymes, resistance determinants, and pathwayspecific regulators. There are several types of pathway-specific regulators, the best-characterized being the Streptomyces antibiotic regulatory proteins (SARPs), which are transcriptional activators that contain an N-terminal winged helix-turn-helix motif (52) . SARPs have the most direct impact on antibiotic production as they activate transcription of the biosynthetic genes. In S. coelicolor, the SARPs for actinorhodin and undecylprodigiosin production are ActII-ORF4 and RedD, respectively (5, 42) . CdaR is a SARP homologue and proposed activator of CDA production though there is no direct evidence for this at present (36) . Another pathway-specific regulator is redZ (located in the undecylprodigiosin biosynthetic gene cluster), which encodes a response regulator-like protein that activates the expression of the SARP-encoding redD as well as redD-independent biosynthetic genes involved in undecylprodigiosin production (20, 22, 23) . Many secondary metabolites are produced in a growth-phase-dependent manner in both liquid and solid media. In liquid culture, the onset of antibiotic production occurs in the stationary phase, whereas on solid media, it coincides with the formation of a sporulating surface layer of cells called the aerial mycelium, a distinguishing feature of the streptomycetes (6, 7) . The cues that trigger antibiotic production are unknown and are likely to be complex. Among probable candidates are nutritional (carbon, nitrogen, and phosphate levels), physiological (cyclic AMP, GTP, and ppGpp levels), and environmental factors (cell density and small diffusible signaling molecules) (6, 7, 10) .
In addition to the pathway-specific regulators, which exert their primary effect on one antibiotic at a time, pleiotropic regulators that regulate the production of more than one antibiotic have been identified. Indeed, it has recently been reported that some pathway-specific regulators might also be pleiotropic, adding an unanticipated additional layer of complexity to the regulation of secondary metabolite biosynthesis (23) . For example, constitutive expression of redZ not only resulted in the premature increase of redD and redD-independent transcripts but also enhanced the transcription of redD-dependent and act genes, resulting in the synthesis of undecylprodigiosin and actinorhodin at earlier times (23) . In addition, the constitutive expression of cdaR resulted in an increase in the abundance of cda and act transcripts at times when they are not normally expressed, whereas the constitutive expression of actII-ORF4 resulted in an initial decrease and then an increase in the abundance of cda transcripts and a decrease in the expression of redD-independent genes at times when they are normally elevated (23).
More than 15 pleiotropic regulators of antibiotic biosynthesis and 11 pathway-specific regulators of antibiotic biosynthesis have been identified so far (see Tables 2 and 3 ). Interestingly, with the exception of the SARP-encoding genes, redZ and absA, the majority of genes encoding antibiotic regulators are located outside of the antibiotic biosynthetic gene clusters. Most of these regulatory genes are located in the core region, away from the chromosomal ends, where genetic instability is most prominent (48) . In most instances, the mechanism of action of these regulators is unknown. Furthermore, the connectivity of these diverse mechanisms is not understood; however, it is likely that they constitute a complex regulatory network.
One of the first pleiotropic regulators of secondary metabolism in S. coelicolor to be identified was the absA locus, encoding the sensor kinase AbsA1 and the response regulator AbsA2. The absA operon is embedded within the CDA biosynthetic cluster (between genes SCO3224 and SCO3227) and has strong regulatory effects on CDA production but, surprisingly, exerts strong effects on actinorhodin, undecylprodigiosin, and methylenomycin as well (2, 3, 4, 36) . Certain alleles of absA1 cause nearly complete inhibition of actinorhodin, undecylprodigiosin, and CDA production, while the deletion of either absA1 (in frame) or absA2 confers the so-called Pha phenotype, for which levels of production of these antibiotics are enhanced relative to those for parent strains (4, 8) . We have shown that the cytoplasmic domain of AbsA1 can phosphorylate AbsA2 and dephosphorylate phosphorylated AbsA2 (AbsA2ϳP). Furthermore, mutations that impair AbsA1 kinase activity enhance antibiotic production in vivo, while those that impair AbsA2ϳP phosphatase activity dramatically reduce antibiotic production (38) . In sum, these data are consistent with a model in which AbsA2ϳP is a repressor of antibiotic production (38) .
Transcript analysis suggested that mutations in absA strongly influence the expression of the CDA biosynthetic genes, which might be independent of the predicted CDA SARP-encoding gene cdaR (36) . In contrast, other analyses suggested that the levels of transcription of actII-ORF4 and redD, encoding pathway-specific activators of actinorhodin and undecylprodigiosin, respectively, were reduced in absA1 mutants in which AbsA2ϳP phosphatase activity was compromised and enhanced in absA null strains, suggesting that regulation of production of these antibiotics by absA might act via these pathway-specific regulators (1). However, the direct interaction of AbsA2ϳP with its targets has yet to be shown and therefore remains a most important goal. In this work, we have used a chromatin immunoprecipitation (ChIP) assay to identify targets of AbsA2 in vivo. We show that this protein interacts with the actII-ORF4, redZ, and cdaR promoter regions in vivo and in vitro and that the in vitro interactions are stimulated by AbsA2 phosphorylation. We show that, consistent with direct regulatory links between absA and the pathway-specific regulators, induced expression of the first two of these activators in a strain bearing a hyperrepressive allele of absA1 restores antibiotic production in a pathway-specific manner.
MATERIALS AND METHODS
Bacterial strains and culture conditions. The strains used in this study are listed in Table 1 . Escherichia coli XL1-Blue was used to propagate all plasmids, whereas E. coli BL21(DE3) and ER2058 were used for protein overexpression. E. coli strains were grown at 37°C in Luria-Bertani medium. Plasmids were introduced into Streptomyces by conjugation from E. coli ET12567/pUZ8002. Antibiotic concentrations used for plasmid selection were 100 g/ml ampicillin, 50 g/ml kanamycin, and 50 g/ml apramycin. Thiostrepton was added at 50 g/ml to induce genes under the control of the tipA promoter. S. coelicolor strains were grown in tryptone soy broth (TSB; Oxoid) and production medium (pH 7.0) (40), on solid R2YE and MS agar (26) . Staphylococcus aureus (ATCC 29213) was grown on Oxoid nutrient agar (ONA) with or without 12 mM calcium nitrate.
Plasmids and primers. The plasmids used in this study are listed in Table 1 . Primers were purchased from Sigma-Aldrich or the Mobix Laboratory at Preparation of antiserum against denatured His 6 -AbsA1 and His 6 -AbsA2. His 6 -tagged fusion proteins of AbsA2 and the cytoplasmic portion of AbsA1 were purified as previously described (38) . Aliquots of 100 g and 50 g of each protein were resolved on 12% sodium dodecyl sulfate-polyacrylamide gels, stained with Coomassie brilliant blue, and excised. The excised proteins in the gel slices were sent to Cocalico Biologicals (Reamston, PA) for rabbit immunization.
CDA bioassay. Pregerminated S. coelicolor J1501 spores were inoculated into 250 ml TSB medium and grown at 30°C. Every 12 h until 72 h of growth, 10 ml of culture supernatant was removed and centrifuged, and the supernatant was filtered through 0.45-m-pore-size Acrodisc syringe filters (Pall). ONA plates with or without 12 mM Ca(NO 3 ) 2 were overlaid with an overnight culture of Staphylococcus aureus diluted 1/100 in soft nutrient agar (1:1 ONA plus Oxoid nutrient broth). Sterilized one-quarter-inch discs (catalogue no. 10328171; Schleicher & Schuell) were placed on top of the lawn of Staphylococcus aureus. Seventy-five microliters of each sample was spotted on the filter discs, and the plates were incubated first for 3 h at 4°C and then overnight at 37°C.
Preparation of S. coelicolor membrane and cytoplasmic fractions and AbsA1 Western analysis. S. coelicolor J1501 was grown at 30°C on cellophane discs overlaid on R2YE medium and harvested every 12 h until 48 h of growth. Cells were resuspended in P (protoplast) buffer (26) containing 2 mg/ml lysozyme and 2 g of 3-mm glass beads and vortexed for 1.5 min. Cells were then incubated for 1 h 45 min in a 30°C water bath and gently inverted every 15 min. Protoplasts were filtered through cotton wool, centrifuged at 6,000 rpm for 10 min, and resuspended in lysis buffer (50 mM HEPES, 300 mM NaCl, 5 mM EDTA, pH 7.5, 1 ϫ protease inhibitor cocktail [Roche]). Cells were lysed by three passages through a French pressure cell and centrifuged at 3,000 rpm for 10 min, and the supernatant was subjected to ultracentrifugation (100,000 ϫ g, 60 min). Membranes were resuspended in lysis buffer, and 20% glycerol (final concentration) was added to both the membrane and cytoplasmic fractions. Samples were frozen in liquid nitrogen and stored at Ϫ80°C. Thirty micrograms of the membrane fraction and 30 g of the cytoplasmic fraction were subjected to Western analysis. Affinity-purified anti-AbsA1 antibodies (as described in reference 7a) were used to detect the presence of AbsA1 by chemiluminescence.
ChIP. Pregerminated S. coelicolor J1501 spores were inoculated into 250 ml TSB medium. After 27 h of growth at 30°C, cultures were cross-linked by the addition of 1% formaldehyde and 10 mM NaPO 4 , pH 8.0 (final concentrations), for 30 min at 30°C. To stop the reaction, 125 mM glycine (final concentration) was added, and the cultures were incubated for 5 min at room temperature with gentle swirling every 1 min. Cells were washed twice with cold phosphatebuffered saline, pH 7.4, and stored in 100-mg (wet weight) aliquots at Ϫ80°C. One hundred milligrams of cells was resuspended in 400 l of phosphatebuffered saline buffer containing 10 mg/ml lysozyme (final concentration) and 1 ϫ protease inhibitor cocktail (Roche). Following incubation for 20 min at 37°C, cells were subjected to sonication (10 times for 15 seconds at half power; Fisher Sonic Dismembrator model 300), which sheared the DNA to 500 to 1,000-bp fragments (verified by gel electrophoresis; data not shown). Cell debris and unlysed cells were removed by centrifugation (twice for 5 min at 14,000 rpm at 4°C). Clarified lysate that was not subjected to immunoprecipitation served as a positive control. Two hundred twenty-five microliters of clarified lysate was combined with 500 l of immunoprecipitation buffer (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 0.5% Triton X-100) plus 1ϫ protease inhibitor cocktail and precleared for 1 h at 4°C with gentle agitation with 80 l of a 50% protein A-Sepharose slurry (Sigma-Aldrich). Seventy-three microliters of anti-AbsA2 antibodies (Cocalico Biologicals) was added to the precleared sample and incubated overnight at 4°C with gentle agitation. To isolate the immunoprecipitated complexes, 80 l of a 50% protein A-Sepharose slurry was added and incubated for 4 h at 4°C with gentle agitation. The protein A-Sepharose beads were washed four times (15-min incubations at 4°C with gentle agitation) with 1 ml of immunoprecipitation buffer. Beads were transferred to a fresh Eppendorf tube after the first wash to prevent contamination of protein/DNA that had adsorbed to the sides of the Eppendorf tube. To elute the protein/DNA complexes, the beads were incubated overnight at 55°C in 240 l of elution buffer (Tris-EDTA [TE], pH 7.6, 0.2 mg/ml proteinase K, 1% sodium dodecyl sulfate). One hundred thirty microliters of elution buffer was also added to the clarified lysate that was not subjected to immunoprecipitation. This positive-control sample was subsequently treated in the same manner as the experimental sample. Following overnight incubation at 55°C, the samples were incubated at 65°C for 30 min. The supernatant was recovered, and the beads were washed with 50 l of TE, pH 7.6, which was combined with the eluate. Two microliters of 20 mg/ml glycogen mix (Sigma G-1767) was added, and the samples were extracted with an equal volume of phenol-chloroform (1:1). The DNA was precipitated with 0.1 volumes of 3 M sodium acetate, pH 4.8, and 2 volumes of 100% ethanol, washed with 70% ethanol, and air dried. The experimental sample was resuspended in 25 l of TE, whereas the positive-control sample was resuspended in 100 l. To determine the identity of the immunoprecipitated DNA, PCR using primer sets shown in Tables 2 and 3 was performed on 2 l of the immunoprecipitated DNA and 100 ng of the positive-control DNA. PCR samples were resolved on a 2% agarose gel, stained with ethidium bromide, and analyzed by Polaroid film. a No AbsA2 interaction with any of the pleiotropic antibiotic regulatory genes was observed.
Construction of an absA2 overexpression vector. absA2 was cloned into pMAL-c2X to generate pMALA2 and overexpressed as an N-terminal maltose binding protein (MBP) fusion in E. coli ER2058 as previously described (38) .
EMSAs. Promoter fragments generated by PCR amplification were purified from 12% polyacrylamide gels by the crush and soak method and 5Ј-end labeled with [␥-32 P]ATP using T4 polynucleotide kinase (NEB). Approximately 0.89 ng of end-labeled DNA was incubated with AbsA2 fusion protein in 15-l reaction mixtures in electrophoretic mobility shift assay (EMSA) buffer (10 mM Tris-HCl, pH 7.8, 2 mM dithiothreitol, 150 mM NaCl, 10% glycerol, 45 ng salmon sperm DNA) for 15 min at 30°C. The AbsA2 fusion protein was preincubated for 30 min at 30°C in phosphorylation buffer (50 mM Tris-HCl pH 7.0, 25 mM MgCl 2 , 0.1 M NaCl) in the presence or absence of 100 mM phosphoramidate (PA) (a kind gift from L. Kenney; synthesized according to the method used in reference 29 with the aid of K. Koteva). Reaction mixtures were resolved in an 8% (see Fig.  3 ) or 10% (see Fig. 4 ) polyacrylamide nondenaturing gel for either 2 h 45 min (see Fig. 3 ) or 2 h 10 min (see Fig. 4 ) at 70 V. Wet gels were exposed to X-Omat Blue Kodak film with an intensifying screen and incubated overnight at Ϫ80°C prior to film exposure. The primer sets used to generate the DNA probes are as follows (for primers in Tables 2 and 3 ). All amplified genes were initially cloned into pPCR-Script Amp, sequenced, digested with NdeI and XbaI, and ligated to pIJ6902 digested with the same enzymes to generate pactII-ORF4, pcdaR, and predZ. The constructs were introduced into S. coelicolor strain C542 by conjugation.
RESULTS

Identification of AbsA2 target promoters. To determine if
AbsA2 binding sites are present in the known antibiotic regulatory gene promoter regions, we established a ChIP assay for the AbsA2 protein using S. coelicolor J1501 that had been treated with formaldehyde to cross-link AbsA2 to its DNA targets (39) . In order to do this, we first needed to establish the point in the S. coelicolor growth cycle/phase when AbsA2 was likely interacting with its target promoters. We first carried out a CDA bioassay on liquid-grown S. coelicolor. Seventy-fivemicroliter aliquots of culture supernatant from cells grown for 12 to 72 h were spotted on filter discs and overlaid on a lawn of Staphylococcus aureus in the presence and absence of Ca(NO 3 ) 2 . Zones of inhibition that depended on the presence of calcium, indicative of the presence of CDA, were observed in 36-hour culture supernatants and from all samples from later time points (Fig. 1A) . Since CDA biosynthetic gene expression is sensitive to mutations in absA (4), we interpreted this as evidence that AbsA2 might interact with its target promoters prior to 36 h of growth, thereby inhibiting CDA production. Consistent with this, Western analysis of membranes isolated from cells grown on solid R2YE medium for 12 to 72 h demonstrated that AbsA1 was present in cells grown for 24 h, and it was not detected at later time points (Fig. 1B) . These data, and the fact that the absA transcript was detected in liquid-grown cultures between 18 and 54 h (4), suggested that 
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AbsA2 might be bound to its target promoters at ϳ27 h postgermination. Antibodies we raised against AbsA2 could detect 50 ng of purified protein by Western analysis (data not shown). To determine whether they could immunoprecipitate the folded protein, we prepared 35 S-radiolabeled AbsA2 by in vitro transcription/translation and carried out trial immunoprecipitations. We found that the antibodies could indeed immunoprecipitate AbsA2 (data not shown). We therefore cross-linked S. coelicolor cells with formaldehyde after 27 h of growth in liquid culture, isolated and fragmented the cross-linked DNA, and carried out immunoprecipitation using anti-AbsA2 antibodies (see Materials and Methods). We then carried out PCR assays using primers that flanked the intergenic regions of candidate genes that had been shown to contain their promoters or that we predicted to contain their promoters. Analysis of regulators that affect both antibiotics and morphogenesis (e.g., bld genes) was not performed, as AbsA2 has been shown to primarily affect antibiotic production. Fifteen global regulatory genes and 11 pathway-specific genes (Tables 2 and 3) were analyzed by PCR using immunoprecipitated cross-linked DNA and cross-linked DNA that had not been immunoprecipitated as a control. Several sets of primers were used for some promoters. PCR products were obtained using all of the primer sets when unimmunoprecipitated DNA was used as a control. In addition, primers directed against three genes, actII-ORF4, cdaR, and redZ, amplified fragments of the correct size when immunoprecipitated DNA was used as the template. Importantly, for all three of these regulators, several different primer sets gave a positive read-out (Fig. 2 and data not shown) . In contrast, primers directed against the other 23 genes listed in Tables 2 and 3 amplified DNA fragments only in the unimmunoprecipitated pools of DNA and not in the anti-AbsA2-immunoprecipitated DNA; as an example, this scenario included the promoter region of absA itself (Fig. 2 and data not shown) . The promoter regions of actII-ORF4, cdaR, and redZ had therefore been selectively enriched as a result of ChIP using anti-AbsA2 antibodies.
In vitro interaction of AbsA2 with target promoters. To determine whether AbsA2 could interact with the promoters of actII-ORF4, redZ, and cdaR in vitro, we carried out EMSAs. Anti-AbsA2 antibodies were used to immunoprecipitate AbsA2/DNA complexes from cells treated with formaldehyde. PCR was performed with primers flanking putative target promoters (absA primers 97/98, actII-ORF4 primers 85/86, cdaR primers 109/110, and redZ primers 121/122). DNA used for PCR was total DNA prior to immunoprecipitation (lanes 1) and immunoprecipitated DNA (lanes 2). PCR using primers that flank the absA promoter is representative of all primer sets that did not result in amplification of the immunoprecipitated DNA. Amplification of the actII-ORF4, cdaR, and redZ promoters from the immunoprecipitated DNA indicated that these three promoters are targets of AbsA2.
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In a previous study, we purified AbsA2 both as an N-terminally His 6 -tagged protein and as an N-terminally MBP fusion and demonstrated that both could serve as substrates for phosphorylation and dephosphorylation by the catalytic fragment of AbsA1 (38) . DNA substrates for EMSAs were prepared by PCR amplification, gel purification, and 32 P end labeling of the cdaR, redZ, and actII-ORF4 promoters that were 230, 249, and 250 base pairs in size, respectively. Each fragment (0.89 ng) was then used for gel mobility shift experiments along with the two purified AbsA2 proteins (MBP-AbsA2 and His 6 -AbsA2).
As shown in Fig. 3 , unphosphorylated MBP-AbsA2 was able to bind to all three DNA fragments, although the interactions were weak: the cdaR probe was shifted only when incubated with Ն1.4 M MBP-AbsA2. The redZ and actII-ORF4 probes exhibited moderately stronger binding, showing reproducible shifts when 1.16 M protein was used. It was previously demonstrated that His 6 -AbsA2 can autophosphorylate itself to near completion when incubated with the small molecule phosphodonor PA (32) . To determine whether the interaction of MBP-AbsA2 with putative target proteins was stimulated by phosphorylation, the binding reactions were repeated in the presence of 100 mM PA. The phosphodonor clearly stimulated binding such that substantial shifts occurred at 0.97 M MBPAbsA2 (cdaR and redZ) or 0.81 M MBP-AbsA2 (actII-ORF4). The experiments shown in Fig. 3 were carried out with the MBP-and His 6 -AbsA2 fusion proteins, and identical results were obtained except that the degree of shift of the probe was greater with the MBP fusion. Since the shifts are easier to visualize with this protein, we have shown the MBP fusion data only. Each of these shifts was competed by a 40-fold excess of unlabeled specific DNA but not by a nonspecific unlabeled control (data not shown).
DNase I footprinting experiments using these promoter fragments proved unsuccessful, so as an alternative strategy, we focused on the actII-ORF4 promoter and created a series of six small overlapping fragments (ranging in size from 90 to 122 base pairs) extending from Ϫ200 bp to ϩ272 bp relative to the transcriptional start site (Fig. 4A) . We performed EMSAs with approximately 0.89 ng of each of the small overlapping fragments and either 0.67 M or 1.4 M of purified MBPAbsA2 protein in the presence or absence of PA. Phosphorylated MBP-AbsA2 at a concentration of 1.4 M bound to four fragments within the vicinity of the actII-ORF4 promoter (fragments I, II, IV, and VI) (Fig. 4B) . Fragment VI (ϩ163 bp to ϩ272 bp) is an unusual place for a repressor to bind and may suggest that AbsA2ϳP represses transcription by DNA looping. We consistently found that, unlike the observation with the larger fragments used in Fig. 3 , there was little or no shift detected with these smaller fragments when unphosphorylated MBP-AbsA2 was used. Again, each of these shifts was competed by a 40-fold excess of unlabeled specific DNA but not by a nonspecific unlabeled control (data not shown).
In vivo bypass of the negative regulatory effects of AbsA2. To determine whether the negative regulatory effects of AbsA2ϳP could be circumvented by uncoupling the expression of the putative targets in vivo, we cloned actII-ORF4, redZ, and cdaR into pIJ6902 under the control of the thiostrepton-inducible promoter P tipA and introduced them into the antibiotic-deficient strain C542 (3). In this strain, absA1 contains two point mutations (corresponding to amino acid mutations I360L and R365Q) that are proposed to inactivate AbsA1 phosphatase activity, resulting in increased phosphorylation of AbsA2 and, subsequently, increased transcriptional repression. Induction of the actII-ORF4 gene in C542 resulted in the production of a blue, secreted pigment indicative of actinorhodin production (Fig. 5) . Similarly, induction of redZ in C542 resulted in the production of a red, cell-associated pigment indicative of undecylprodigiosin. These results demonstrate that the negative regulatory effects of AbsA2 could be bypassed when actII-ORF4 and redZ are overexpressed in an absA1 mutant strain deficient in antibiotic production and further support the notion that these genes are targets of AbsA2. We attempted to bypass the effect of the absA1 mutations by using a P tipA -controlled cdaR gene; however, the analysis was complicated by the fact that the standard assay strains for CDA (e.g., Staphylococcus aureus strains) were also sensitive to thiostrepton, a technical roadblock also encountered by other investigators (23) .
DISCUSSION
We have identified three AbsA2 target promoters: redZ, cdaR, and actII-ORF4 (Fig. 2) , all of which encode pathwayspecific regulators for specific antibiotic biosynthetic gene clusters. redZ encodes a response regulator-like activator that activates the expression of the SARP gene, redD, as well as several redD-independent genes (20, 22, 23) . actII-ORF4 encodes a SARP that directly activates transcription of actinorhodin biosynthetic genes (19) . cdaR encodes a putative SARP that activates transcription of the CDA biosynthetic genes (23, 36) . All three interactions were reproduced in vitro, and the interaction of AbsA2 with these DNA targets was enhanced when the protein was phosphorylated (Fig. 3) . Finally, the negative regulatory effects of absA on actinorhodin and undecylprodigiosin production could be bypassed by replacing the natural promoters of actII-ORF4 and redZ, with a thiostrepton-inducible promoter (which, naturally, is not an absA target), supporting the idea that AbsA2ϳP is a negative regulator of these pathway-specific activators (Fig. 5) . These data support the model shown in Fig. 6 , whereby AbsA1 controls the phosphorylation state of AbsA2, which, when phosphorylated, interacts with pathway-specific activator genes of each antibiotic cluster to reduce their expression.
Some response regulators that bind DNA primarily as phosphoproteins can nevertheless bind their targets when unphosphorylated with reduced affinity (18, 21, 28) . This is consistent with our observation of weaker interactions of unphosphorylated AbsA2 with DNA. AbsA2ϳP clearly had a stronger interaction with DNA. For example, we could see evidence of binding to the redZ and actII-ORF4 promoter fragments at a protein concentration as low as 0.8 M in the presence of PA (Fig. 3) . Furthermore, AbsA2 did not bind the smaller actII-ORF4 fragments in the absence of PA (Fig. 4B) .
Given the robustness of our ChIP results, we were surprised by the weakness of the AbsA2ϳP/DNA interactions. One possible explanation for this is that AbsA2 possesses autophophatase activity such that the half-life of AbsA2ϳP is 68.6 min (38) . Given this, we imagine that during the Ͼ2-h gel running time required for our EMSA experiments, a significant fraction of the AbsA2ϳP/DNA complexes would decay to lessstable AbsA2/DNA complexes and then to free protein and DNA, resulting in an underestimation of the binding strength. In contrast, in the ChIP assay, once the DNA and protein are cross-linked to one another, the complex is frozen regardless of whether the response regulator subsequently dephosphorylates. It is also equally likely that the weak interactions observed in vitro are a result of the MBP-AbsA2 fusion protein interacting with linear DNA, whereas in vivo, the native protein would interact with supercoiled DNA.
The observation that AbsA2 regulates transcription of actII-ORF4 and redZ is consistent with a previous transcriptional analysis performed in the Champness laboratory, whereby the researchers proposed that actII-ORF4 and redD were AbsA2 targets (1) . Since transcription of redD is dependent on redZ (22, 23, 50) , a decrease in redZ transcription will in turn result in reduced redD transcription. Therefore, although the Champness laboratory did not report redZ as a target of AbsA2, our data are in agreement. Our data do not agree, however, with a previous report suggesting that cdaR expression was not sensitive to FIG. 5 . Bypass of the absA1 mutant by actII-ORF4 and redZ. Genes were cloned into pIJ6902 under the control of the strong thiostrepton-inducible promoter. Induction of actII-ORF4 in the antibiotic-deficient strain C542 restored actinorhodin production, whereas induction of redZ restored undecylprodigiosin production. Strains were grown on R2YE containing 50 g/ml thiostrepton for 7 days at 30°C. mutations in absA (36) . We point out that this might be explained by the fact that the previous study was carried out with cells grown on solid medium on which effects of additional pathways would be in play.
It is most intriguing that a regulatory mechanism that is embedded in one antibiotic biosynthetic gene cluster would have such profound effects on the production of chemically unrelated antibiotics such as undecylprodigiosin and actinorhodin. A similar situation exists in Streptomyces clavuligerus whereby ccaR, a gene embedded within the cephamycin C cluster, encodes an antibiotic regulatory protein that regulates both cephamycin C and clavulanic acid production (34) . While the biological significance of the cross-regulation in S. coelicolor is unknown, it is possible to imagine a number of advantages for the organism. For example, cross-regulation between antibiotic biosynthetic clusters might help ensure that disparate biosynthetic genes are activated when the organism is most metabolically fit for secondary metabolism. Interestingly, AbsA2 did not appear to interact with the promoter of kasO (Table 3) . kasO encodes the only other known SARP that is embedded within the S. coelicolor cpk (cryptic type I polyketide synthase) antibiotic cluster (43) . Indeed, while our data do not suggest any additional targets, they certainly do not rule them out.
The role of the absA two-component system in antibiotic regulation may extend beyond S. coelicolor. Genes related to absA1/absA2 are found in several antibiotic biosynthetic clusters in diverse streptomycetes. In Streptomyces fradiae, an absA-like operon is present in the biosynthetic gene cluster for the lipopeptide antibiotic A54145 (30) . Interestingly, A54145 belongs to the same class of antibiotics as the CDAs from S. coelicolor that are cyclic lipopeptides active against gram-positive pathogens. In addition, absA-like operons are also found in the biosynthetic gene cluster for blasticidin S, cinnamycin, and enduracidin in Streptomyces griseochromogenes, S. cinnamoneus, and S. fungicidicus, respectively (14, 51, 53) . A unifying feature among the AbsA1-like sensor kinases is their predicted atypical transmembrane topologies. Most AbsA1 family members are predicted to have four or more N-terminal transmembrane domains separating very small extracellular and intracellular loops, unlike the prototypical sensor kinase topology of a large N-terminal sensory domain bordered by two transmembrane domains and an intracellular C-terminal kinase domain. The significance of this is unknown; however, it likely reflects some aspect of their signal response mechanism. Understanding this mechanism is a current goal of our work.
